Classroom experiments are becoming increasingly popular as active-learning exercises for courses in economics. There are many situations where technology is needed to facilitate the effective use of classroom experiments. This article examines how computers and wireless handheld devices are being used to enhance the flexibility of classroom experiments and expand their usability to larger classes. Evidence on learning gains from the use of computer-assisted experiments in the classroom is also reported.
I. INTRODUCTION
Technology is increasingly part of education at all levels. Educators both train students in how to use technology and use technology to teach discipline-specific courses. Some strategies for using technology in teaching specific subjects can be generalized and adapted to teaching many different subjects. In this article, we describe an active-learning strategy for teaching economics that has grown out of a relatively new research methodology: experimental economics. Experiments initially developed for research purposes have been adapted for use in teaching core economics concepts. Technology is useful for helping instructors to incorporate this research strategy into their course to improve undergraduate teaching by allowing greater flexibility in its applications and extending its use to classes larger than 50 students. Finally, we present summaries of several studies that demonstrate meaningful learning gains from the use of experiments in teaching.
Economics students enrolled in lecture courses rarely have the opportunity to interact with course content. Students attend lectures, take notes, and generate responses on quizzes, but because of the absence of active learning, they do not gain a deep understanding of the material or the ability to apply their knowledge to analyze and interpret complex economic events. A recent response to this problem in economics education has been to incorporate classroom experiments that are simulations of markets and other economic environments.
For example, suppose that an instructor wants to illustrate supply and demand with a classroom market. A typical approach would be to divide a group of up to 30 students into buyers and sellers who would propose trades on paper forms with the instructor serving as auctioneer. Over a sequence of trading periods, students experience the rapid convergence of market prices to the equilibrium price and quantity predicted by the supply-and-demand model. This is a striking result and an unforgettable learning experience for many students. Following a classroom exercise, an instructor will typically ask students to do an associated homework assignment that reinforces the lesson of the classroom experiments, often by asking them to analyze data from the experiment and think about what might happen if some of the parameters of the experiment are changed.
Economists have developed dozens of specialized exercises for teaching a wide variety of economics concepts from asset price bubbles (Ball & Holt, 1998) to compensating wage differentials (Eckel et al., in press) . A typical approach to designing a classroom experiment is to simplify a research experiment and add variations that illustrate important elements of a particular economic concept. Several experiments were collected by Bergstrom and Miller (2000) in a textbook supplement containing 14 classroom experiments that can be run by hand. Other textbooks (e.g., R. Frank & Bernanke, 2003) now include classroom experiments in end-of-chapter material and discuss the results of experiments in the chapter text.
What purpose does technology serve in running this type of exercise? Even in the simplest classroom experiments, demands on the instructor for collecting student decisions, translating them into outcomes, and keeping records can be significant. Furthermore, in many experiments such as the market discussed above, what drives the result is that different students have different private information (such as production cost) that might change during the experiment thereby complicating the job of preparing instructions and making students' individual roles in the experiment clear.
To illustrate how even the simplest experiment can quickly become complicated to administer, consider the public goods experiment (Holt & Laury, 1997) . In this exercise, each student in the class is given four playing cards, two of which are taken from black suits (clubs, spades) and two of which are taken from red suits, (hearts, diamonds). In each period of the game, each student turns in two of their cards indicating their willingness to contribute to the public good. This clever design greatly simplifies the procedure of the public goods game compared with its research version. Nevertheless, each period, the instructor needs to collect the cards, count the number of red cards, write them on the blackboard, and then redistribute the cards to the students. The exercise works best if there are at most 12 students in each group, but it is possible to have more than one group. This means, however, that with a class of 36 students, the instructor has to collect 72 cards, keeping them separate for each group, and count and publish the results for each group as quickly as possible. Because the published exercise calls for 15 periods, the instructor ends up getting a real workout even in this simple-to-administer exercise. If a subset of the class is used in the exercise, the ratio of students doing something to waiting for something to happen is too low. Boredom and confusion set in, and students lose interest in the exercise thus defeating its purpose.
Fortunately, most of the difficulties are in collecting and simple processing of information, which is just the sort of task that is productively automated. The next two sections of this article present descriptions of Internet-based and wireless computer software for administering classroom experiments. Evidence of the positive effect of these experiments on classroom learning is also discussed.
II. WEB-BASED EXPERIMENTS
Although many individual instructors have designed web-based experiments for their own classes, we highlight three main Internet-based systems for administering classroom experiments. 1 They are substantially different and will likely appeal to instructors facing very different classroom environments. The first is the Aplia system created by Paul Romer 470 SOCIAL SCIENCE COMPUTER REVIEW through a private company. The second is Veconlab designed by Charlie Holt and developed with funding from the National Science Foundation and operated through the University of Virginia. All of the systems have been, and continue to be, demonstrated extensively at major economics conferences and are worth considering for use in the classroom. The newest of the systems is a set of materials collected into a digital library that is under development at the University of Arizona.
Aplia (www.aplia.com) is a publishing company devoted to providing computerbased, instructional resources for teaching economics. They offer a number of different products such as online homework, computer-aided tutorials, and supplemental readings in addition to active-learning experiments. Prices are based on the menu of products an instructor chooses for a particular class. The system is very easy for both instructors and students to use with many user-friendly features. For example, the system creates an assignment page for students indicating dates for reading assignments, homework, and experiments as the instructor schedules these options.
Aplia experiments are designed for student participation outside the classroom and do not require computer-equipped classrooms. To participate, students sign on from a computer at any location-a public computer lab, their dorm room, and so forth-at a prespecified time. For example, an instructor might ask students to log into the Aplia system from their own computer rather than report to class on a particular day. At any point during the experiment, the system allows the instructor to post announcements that appear at the top of the student's screen ("You might want to take notes on what just happened, and we'll talk about it Wednesday in class."). Students can also move to a chat screen to communicate with each other (and the instructor) when the experiment is active. This feature, which can also be disabled, is useful because it allows the students to ask the instructor questions during the experiment and helps keep students engaged by the Aplia system (rather than their e-mail) during any pauses in the game. Most of the experiments are focused on principles or intermediate microeconomics, although development is continuing. The system will accommodate any size economics class.
We have used the experiments feature of the Aplia system with a number of classes and are impressed with how foolproof it is for both students and instructors. Even someone who has no experience with research or classroom experiments will have no difficulty administering these exercises and incorporating results into their classes. Student instructions for using the experiments are clear, and Aplia has created postexercise readings and homework assignments to reinforce the learning goals. Technical support is excellent, data presentation is easy to read, and results from the experiment and associated assignments are easy to download so that instructors can easily keep records.
The only real downside to the Aplia system is flexibility. Experiments need to be scheduled in advance, and although it is possible to stop or restart an experiment in progress, parameters cannot be altered during the experiment. The company made choices that allow the system to be easy for anyone to use, but instructors who have experience with classroom experiments may find that the system is somewhat too rigid for their taste.
Fortunately, this is exactly the part of the market that Veconlab best serves. Veconlab (www.people.virginia.edu/~cah2k/) software is accessible by the Internet courtesy of the National Science Foundation and the University of Virginia. until the experiment is complete. The system works seamlessly over a university's wireless LAN using either notebook computers or Windows CE personal digital assistants (PDAs).
Veconlab has a wide variety of games available (38 at last count) thereby making it suitable for more academic levels and many different courses in economics and related disciplines. Instructors can change experiment parameters on the fly thus making it possible to react to experimental results or student questions immediately. Experiments are designed to look just like research experiments, unlike the Aplia software, which is often subtly designed to make sure that students clearly grasp the teaching point.
The system is easy to use for instructors who are comfortable with economics experiments. Each exercise includes online instructions for both instructors and students. There is also an associated handbook currently available online with readings that explain the theory and typical experimental results for some of the exercises as well as some homework questions. This supplement is probably most appropriate for students who are at least economics majors or as an instructor resource. Although it does not yet include every exercise, more chapters are being added all the time.
Veconlab assumes a higher level of instructor comfort with technology and economics experiments than Aplia, although it is not at all necessary that instructors be experimental researchers. For example, the Aplia system matches exercises to the appropriate chapter of common principles textbooks and spells out the teaching point for an instructor. Veconlab users need to take more responsibility for selecting exercises and then drawing out the lessons for their students. Experimental parameters such as buyer and reservation values are predetermined and pretested with the Aplia software so that instructors can be confident that the exercise results from their class will match the postexercise readings. With Veconlab, it is possible to set parameters that may not work out very well. Stages of experiments are designed to get you to a teaching point with Aplia software, but you will need to design your own way to a teaching point with Veconlab.
For example, in the Aplia commons exercise, the first stage produces complete destruction of the common resources. Subsequent states present several solutions to the commons problem that have different income distribution consequences. In this exercise, however, students make a binary choice to take resources from the common pool or not. The Veconlab software allows students to choose a level of resources to take from the common pool. Rather than offering simulated solutions to the commons problem, instructors can change the parameters to see whether making the common-pool resource somewhat less attractive lowers the chance that it will be overexploited.
There are no prepared homework problems with Veconlab, although one could design one's own and use the built-in, multiple-choice test function to allow students to do them online.
In short, Aplia lowers the time-and-effort cost to instructors in return for financial cost and decreased flexibility. Veconlab is very flexible and offers more choices of experimental software, but it is not as complete a product.
A relatively new source for economics experiments is EconPort, a digital library of information on microeconomics education available online (www.econport.org). Digital libraries are an example of next-generation educational and research infrastructure where a variety of resources for students and faculty are linked together in ways that make them easier to access and use. EconPort is the creation of faculty members from the Economic Science Laboratory and the Artificial Intelligence Lab at the University of Arizona. It has a number of features including a handbook, which is a web-based textbook; a glossary of common terms in experimental and microeconomics; several economics experiments (with many more planned); and links to a variety of online microeconomics resources.
The vision of EconPort is one-stop shopping for instructors interested in incorporating experiments into their economics courses. By including links to all web-based experiments (including, for example, Veconlab), EconPort will make it easier for instructors to locate and use experimental software. The site will also evaluate relative merits of different software packages to help instructors make the best choice for their own course. EconPort also provides links to existing web-based resources related to their mission of microeconomics education.
At present, EconPort is under active development. Available experiments offered through EconPort include a commodity auction, an asset market, a normal form game, and one-sided auction software. Some of the links in the handbook are not yet active.
III. IN-CLASS TECHNOLOGY
Although we have used experiments to teach economics for many years, the reality of large sections of introductory economics at state universities in general and ours in particular has forced changes in our approach. It is nearly impossible to effectively run an experiment in a class of more than 50 students, yet our class sizes range from 100 to 500. One alternative is out-of-class participation using Aplia or Veconlab. But a downside of having students in large classes participate in experiments outside of the classroom is that it precludes the realtime, in-class, shared experience that we believe is important to understanding the relevance of these exercises for real economic phenomena. To implement in-class experiments using web-based resources, either the class size must be reduced to fit in computer-equipped classrooms or a large number of graduate student assistants must be enlisted and trained to conduct the exercises in recitation sections in computer labs; neither solution is feasible in an environment of tight budgets.
Our solution to this dilemma is a Wireless Interactive Teaching System (WITS).
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Students use wireless-equipped, handheld PDAs to input price and quantity values in the classroom market. The devices communicate data to a classroom server (notebook computer) that determines if student buyers have matched their parameters with student sellers. A live graphic is generated through the server and projected in the classroom to display the prices at which trades occur. The system is completely portable so that specially equipped classrooms are not required for its use. WITS allows an instructor leverage technology and economically brings many of the benefits of small classes to large lecture courses.
The technology itself has clear advantages over the hand-run approach. Because of the speed and flexibility of the wireless system, multiple interactive exercises can be run in large lecture classes. Instructors can answer student questions by immediately conducting a new simulation to illustrate the answer. Students can engage in what-if reasoning, develop hypotheses, and propose their own variations (e.g., "Everyone who bought high at 9 is now trying to sell low at 4 to test Keith's prediction."). In addition, the wireless system captures the data from the exercises. Students can access a course web site to download and analyze the data using standard spreadsheet and statistical software.
WITS is currently being developed and tested at Virginia Tech. At present, there are seven classroom experiments that match up to chapters in any microeconomics principles textbook as well as a multiple-choice and a classroom chat feature. The chat program is designed to improve communication in large classes where students are often hesitant to speak up. In addition, it solves the problem in that a 500-person class would quickly become impossible to control if every student asked every question that came to mind. Although some students certainly e-mail their questions to the instructor, other students will forget their question before they reach a computer. The chat program allows students to send questions wirelessly Ball, Eckel / ACTIVE LEARNING 473 to the instructor's notebook computer, which then displays them on the screen. The instructor can choose to stop and answer the question during class. This system is especially useful for detecting when an instructor's point or illustration has induced many questions that a quick response can answer. Alternatively, questions that are more complex or less immediately relevant are saved along with a student's identification number and e-mail address to be answered later by clicking on the e-mail address.
The system is not yet commercially available, but we expect it to be distributed through a commercial publisher when it is complete. By then, an instructor's manual and study guide for students will accompany the software thus making the system easy to incorporate into an existing course.
Meanwhile, several textbook manufacturers are currently promoting an inexpensive personal response system (PRS) or clicker system that allows some of the functionality of our system. Using the PRS, instructors can conduct multiple-choice quizzes for grades or feedback. Although the clicker systems are currently available and quite inexpensive, they do not have the range of uses that the WITS system does. PRS devices have a small number of buttons that constrain the type and scope of inputs that are possible. Students cannot use them or input information on a continuous scale or on more than one dimension, nor can they send a question to the instructor during class. Because they do not have display screens, it is not possible for students to take quizzes where, for example, the order of the questions and answers are randomized.
Students cannot participate in games such as the ones described above using the PRS devices. For example, the public-goods game described above requires random matching into small groups. Because they have no memory, the clickers cannot store even limited data for students to retrieve later on. Finally, the devices only allow one-way communication. PRS devices do not allow for any individualized feedback to the users; there is no way to communicate or display private information to students during games so that, for example, some sellers in a market have lower costs than others. Students cannot receive individual feedback on their performance on the quiz or profits in the exercise.
Despite their shortcomings, we like to think of the PRS as a first-generation version of the kind of system we are developing, and we think that their increasing acceptance will help ease the acceptance of more complex and flexible systems in the future as faculty members become more aware of the benefits of technology in teaching.
IV. EVALUATION RESULTS
Despite the established and growing popularity of experimental exercises in teaching economics, a decision to invest class time in what appears to be playing games should be based on evidence that this is a pedagogically sound strategy. A commonly cited work on this topic by Gremmen and Potters (1977) reported on results on three classes with a total of 38 students who played an international trade/macroeconomics game. Students were randomly chosen from the classes to participate in either an experimental or control group. Learning was evaluated based on multiple-choice tests of learning before and after the exercise or (in the control group) lecture. They find a significant and educationally meaningful difference in learning between the groups. In another test of learning based on a single exercise, B. Frank (1997) found increases in homework scores when students participated in an experiment based on the commons problem.
More recently, researchers have asked whether learning is exercise specific or whether general outcomes measured across an entire semester improve. Emerson and Taylor (2004) and Dickie (2004) both measured learning outcomes at the beginning and end of the semes-474 SOCIAL SCIENCE COMPUTER REVIEW ter using the Test of Understanding in College Economics (TUCE). Eleven and seven exercises, respectively, were conducted in small (roughly 30 student) classes during the regular class period with standard lectures during the control classes. Both studies found that experiments improved TUCE scores by roughly two questions (out of 31). Ball, Eckel, and Rojas (2004) presented the results of a large-scale, controlled experiment that tested the impact of participating in seven experimental exercises on grades, teaching evaluations, and other aspects of the classroom experience. The test used two matched Principles of Economics classes at Virginia Tech with 75 students in each taught by a common instructor, a senior faculty member. On the days when the experimental class participated in their exercise, the control class discussed results from the same experiment including reading the experimental instructions. This allowed them to isolate whether the improvements in learning were from hearing about the experiments or whether actual participation was required.
In overall performance, they found an approximate 6-percentage-point difference in average final exam scores (73.4% compared to 79.5%, means test p = .001) and a difference of about 5 percentage points in the overall grade (78.5% vs. 83.6%, p = .003) with the experimental class obtaining a higher overall grade (Ball et al., 2004) . Multivariate analysis of the data shows that the impact on learning is greatest for the youngest students and women. For example, freshmen women gained about 14 points-a difference that disappeared for senior males. Their analysis suggests that, in a large class setting, inexperienced students and women experience the greatest increase in learning from participating in the exercises.
To try to understand how learning is different when students participate in the exercises, Ball et al. (2004) collected data using the "minute paper" assessment technique (Angelo & Cross, 1993) . In this case, students were asked to answer two questions: "What did you learn about this topic?" and "What questions do you still have about this topic?" An experimenter coded data from the matrix games without knowing which treatment group a paper came from. Statements were coded into five categories: (a) thinking beyond course objectives, (b) at class level, (c) still confused about course objectives, (d) incorrect statements, and (for the second question) (e) students who were not able to come up with a question to ask. The papers were then sorted into experimental and control groups.
Question 1 yielded no notable differences, but question 2 did (Ball et al., 2004) . Thirtyfive percent of the experimental group showed thinking beyond course objectives compared with 10% in the control group. An example of such thinking might be, "I wonder how to analyze a game with many players or many strategies." In the experimental group, 48% responded at or below the instructor's goals (e.g., "I still don't understand Nash Equilibrium") compared to 63% in the control group. Interestingly, only 14% of the experimental group compared to 28% of the control group reported having no questions. They interpreted this to mean that the experimental group was more engaged with the material by applying the material to problems beyond those discussed in class.
Use of the WITS system also improved teaching evaluations. Ball et al. (2004) found significant positive differences in evaluations of the instructor's success in communicating, the degree to which the material was stimulating, and the overall rating of the instructor in the experimental class, as shown in Table 1 . Factors such as respect and fairness, expected to be unaffected by the technology, were the same across classes. Ball et al. (2004) also examined differences between classes regarding the perceived usefulness of experiments in students' learning using student responses on a final survey that included five questions designed to evaluate the use of the special classes (experiments or research days) as a method to teach economics. Recall that the research days covered the same ground as the experiments. Table 2 presents the results of the t tests on the mean Ball, Eckel / ACTIVE LEARNING 475 responses to the five questions students answered. All were higher for experimental class (i.e., students agreed more with the statement). Differences in mean responses to questions 2 and 4 were significant at the 5% level. There was a (statistically) weaker difference in the mean response to the other three questions. These results suggest that students in the experimental class found experiments to be helpful in their learning and performance (while also making the subject enjoyable and stimulating) more so than did students in the control class.
Students were also asked three questions for each exercise in the experimental class (Ball et al., 2004) . On a 7-point Likert scale, where 1 = strongly disagree and 7 = strongly agree, students evaluated the instructions as clear (with answers ranging from 5.4 to 6.2), agreed that the exercises helped them understand the material (5.0 to 6.1), and found the exercises engaging (4.8 to 6.25). The exercises that consistently scored the highest were the competitivemarket and the public-goods exercises. For one of the exercises, they asked students in both classes to evaluate the usefulness to them of the special class-that is, the exercise or the research presentation. By a significant magnitude, students in the experimental class felt they had a better understanding of the games, their relevance, and, most importantly, the difference between the theoretical prediction and what data from the game actually show.
V. CONCLUSIONS
There are a number of ways to enhance teaching of principles of economics aided by technology. In this article, we highlight three web-based systems and one wireless Intranet sys-476 SOCIAL SCIENCE COMPUTER REVIEW tem. The results of a recent, controlled study using the wireless, in-class teaching system show that participating in active learning exercises in a large classroom, facilitated by technology, is similar in its effects to small-class, interactive learning. It gives students a stronger understanding of the core principles of economics and a greater ability to apply their understanding to new situations. The technology is not at all problematic for students to use; indeed, they find it a friendly and familiar way to communicate with each other and the instructor. Technology brings the feel of a smaller class into a large-class setting. This result is especially important given that large classes are a growing reality at many universities. Results on increases in learning are not surprising in light of a growing body of instructional technology research that indicates that simulated experiences allow students to develop more advanced mental models of course concepts (Land & Hannafin, 1997) and more easily transfer these models to help solve related problems (B. Frank, 1997; Jacobson & Spiro, 1995) . We are confident that the developers of web-based systems for incorporating active learning into the teaching of economics will also be able to show substantial increases in learning.
NOTES

